In early speech development, progressive gains in phonetic ability represent progress in multiple domains (e.g., sensory, perceptual, cognitive, linguistic, and neuromotor) all of which are ultimately conveyed through the speech motor system. Accordingly, the comprehensive understanding of speech development requires knowledge about age-related changes in speech motor performance and about the factors affecting those changes during the various phases of speech development. In this chapter, we consider why motor-based descriptions are essential for addressing long-standing practical and theoretical issues regarding early speech development. We also present a conceptual framework for studying early speech motor development, which guides our current line of research inquiry. The conceptual framework proposes that developmental stages in speech motor behavior are guided by production constraints and catalysts to speech motor performance: Production constraints are factors that limit speech production abilities in young children and catalysts are factors that engender change toward mature speech. Finally, we consider findings from our studies on early speech motor development that are motivated by the framework.
Introduction: the need for motor-based descriptions of speech development
To even the most casual observer, it is obvious that infants are capable of producing only a small number of crude, uncoordinated articulatory gestures. Learning to produce speech poses a significant physical challenge to the young child. The motor skills required to produce speech are among the most sophisticated learned by humans. During speech, a large number of muscles are activated to move respiratory, phonatory, and articulatory structures. Because speech is produced very quickly (180 words/minute or 15 sounds/second), speech muscles must be activated rapidly and timed precisely with respect to speech goals. Very little is understood about how young children learn this remarkable ability.
Over the past three decades, a significant amount of research has been directed towards identifying the order in which typically developing children acquire and subsequently master new speech sounds, syllable shapes, and sound combinations (Locke 1983; Roug et al., 1989; Stoel-Gammon 1985; Vihman et al., 1985) . Although this research has provided a rich description of early vocal and speech development, it has not identified the improvements in oromotor skills that underlie those gains. Compared to other aspects of motor control in humans, speech motor control has been notably understudied 1 and the extant corpus of work is particularly modest in size. Research on speech motor development is limited to approximately 30 published studies, which have typically included only a small samples of older children (i.e., four and ten years) who have already obtained many fundamental skills for speech production. Moreover, most of these studies have relied on cross-sectional observations even though speech, like all motor behaviours, is known to develop at irregular intervals and at different rates across children (Vihman 1986) . One reason for slow scientific progress has been the absence of technologies for directly quantifying articulatory performance in very young children (Kent and Miolo 1995) .
Developmental studies of speech kinematics involve the recording of articulatory movements from young children as they learn to produce the segmental and suprasegmental features of their language. Most of the methods (i.e., articulography, x-ray microbeam) currently used to record the movements of the tongue, velum, oropharynx, and larynx during speech in adults are not suitable for use with infants and toddlers. These technologies require placement of sensors or pellets inside the mouth, which is not tolerated by infants and toddlers, and some involve exposure to small doses of radiation. Consequently, investigators have focused their studies primarily on more accessible articulators, such as the lips and jaw. The movement of these articulators has been recorded using video-and optically based motion tracking technologies (Goffman and Smith 1999; Green 1998; Grigos et al., 2005) . Knowledge about the development of control over the lips and jaw is crucial because they have a predominant role in early sound production. Obviously, the jaw is involved in the production of all speech sounds because the motion of the lower lip and tongue depend on those of the jaw. Furthermore, data from early phonemic inventories suggest that approximately 40% of the consonants of early speech are typically produced with the lips and jaw as primary articulators (Stoel-Gammon 1985) .
Motion capture technology for noninvasively studying early articulatory development
Over the past decade, the number of studies on the development of lip and jaw control for speech has increased steadily due to the recent advent of three-dimensional (3D) passive optical motion capture devices. These systems provide a non-invasive method to obtain high-precision tracking (often < 0.10 mm) of small facial movements in three dimensions. High-speed digital cameras are used to register the movements of small (2 mm) retroreflective markers attached to the face, which are illuminated using infrared light. Only two cameras are needed to triangulate the 3D positions of each facial marker; however, in practice more cameras are needed to track movements on both sides of the face. These systems provide the 3D coordinates of each marker as a function of time. Rotational information is derived from the relative orientation of three or more markers. This system is particularly well suited to capture facial movement of very young children, even newborn infants, because the markers can be very small and facial data can be captured while children are comfortably seated in the presence of their parents. Figure 10 .1 depicts the data collection environment in our laboratory. As displayed in Fig. 10 .1, the optical motion capture system (Motion Analysis Corp 2007) used in our laboratory has eight INTRODUCTION cameras each with a temporal resolution of 500 fps and a spatial resolution of 1.3 million pixels. To minimize visual distraction to the child, the cameras are semicamouflaged by a mural depicting an animal scene and the infrared light sources are in the nonvisible spectrum. The cameras are positioned so that parents can sit directly in front of their children without disturbing facial motion tracking. The top right panel of Fig. 10 .2 displays a child fitted with the marker array and the reconstructed 3D facial model. During data collection, young children are secured in a car seat using a five-point safety belt system, which helps to minimize extraneous body movement. Speech is recorded using a microphone that is attached to the forehead marker array to maintain a constant mouth-to-mic distance. The forehead markers are used to subtract extraneous head movements from the movement of the facial markers.
Speech movements are recorded during parent-child play. The data collection session is structured to maximize the ecological validity of our observations and the likelihood we obtain a representative sample of communicative contexts from each parent and child dyad. During data collection, parents are encouraged to let their children initiate communication and are instructed to select toys from three distinct bins. Each bin contains items that elicit one of three targeted types of communication interactions (Wetherby and Prizant 2002) : behavioural regulation, joint attention, social interaction. Recording a large number of speech samples per subject is imperative to ensure that a representative sample of different behaviours is obtained and an appropriate level of statistical power is achieved in the face of high performance variability. Each data collection session results in a permanent recording of the lip and jaw movements from which a large number of quantitative indicators of articulatory performance can be derived.
The recordings of lip and jaw movement can reveal developmental changes in articulation that cannot be detected using transcription or acoustic analyses. Transcription-based characterizations of speech are biased from listener's auditory and visual processing and linguistic knowledge and context (Cucchiarini 1996; Shriberg and Lof 1991) . Consequently, developmental studies are often conducted assuming that children's speech conforms to adult-based phonetic and phonemic categories (Shriberg and Kent 2002) . Moreover, obtaining reliable transcriptions of early vocalization and speech can be very difficult (Oller 2000; Stockman et al., 1981) . One consequence of these limitations is that important articulatory changes occurring in early speech development may be missed or misclassified.
Acoustic-based characterizations of early speech may also be insensitive to important developmental changes in articulation. Speakers are capable of using a variety of articulatory strategies to achieve a given speech goal (i.e., motor equivalence; Folkins and Linville 1983; Hughes and Abbs 1976; Perkell et al., 1993) . Consequently, during speech sound development, changes in articulatory control and coordination may not be evident in speech output. Moreover, during the first several years of life, the relations between articulatory movements and acoustic output are continually changing as a function of vocal tract growth (Ménard et al., 2004; Vorperian et al., 1999) . These changes may limit the sensitivity of acoustic variables to developmental changes in articulatory performance.
Kinematic studies, however, are not without limitations. As stated previously, the movements of the tongue during speech cannot be easily recorded in young children and some children (15-20%) object to having markers on their face or to sitting during data collection. Another challenge is the significant time required to reduce the large volume of data obtained from these studies. Transcription of the utterances is also required to provide a behavioural reference for the kinematic data. Finally, small to moderate errors (i.e., approximately 0.81 mm and 7.30%) occur when tracking the jaw because the skin of the chin is loosely coupled to the underlying mandible .
To summarize, a complete description of speech motor development will need to account for the factors that shape the course of speech sound development. Although some developmental changes in articulatory performance may not have perceptual or acoustic consequences, knowledge about these changes is essential for understanding the influence of cognitive, linguistic, and motor factors at different stages of development. Of course, a complete account of speech development will need to consider observations at different levels of analysis, with each level informing the other. For example, changes in articulatory performances will be most meaningful if they are interpreted with respect to information about perceptual and acoustic aspects of speech (see Weismer 2006) .
Towards an explanatory model of speech motor development
Although studies on speech development are unified by their search for factors governing the course of phonetic and phonologic development, only a small number of theoretical and empirical frameworks have been advanced that consider speech development in the context of motor development. The empirical framework we use to guide our studies considers articulatory performance as the confluence of changes occurring in multiple developmental domains. The framework assimilates concepts introduced by contemporary motor development theorists such as Bernstein (1967) , Newell (1986) , and Thelen (1991) , who conceptualize early motor development as the interaction between the developing central nervous system and other intrinsic and extrinsic factors. Within our framework, immature speech is viewed as a 'motor adaptation' to two opposing forces: catalysts that spur the development of articulatory skills and production constraints (Green et al., 2000) that are slow to respond to newly emerging demands on the speech motor system. Thus, catalysts are driving forces that guide and, in some cases, accelerate speech motor learning, and production constraints are developmental factors that limit speech production abilities in the young child.
The concept of motor adaptation is central to our framework -they are young children's solutions for achieving some level of speech proficiency despite their immature articulatory abilities. In early speech, children appear to favour adaptations that use muscle groups and articulators they have the most control over (Green et al., 2000) . Adaptations are organized with respect to speech goals and new strategies emerge as speech goals become increasingly complex during development.
Organizing principles in speech motor development: production constraints, catalysts, and adaptation
All complex motor skills take years to master and it is therefore not surprising that children typically take up to eight years to master the sounds of their language (Sanders 1972) . Production constraints 2 are limitations (e.g., biomechanic, neuromotor, perceptual, or cognitive) in the child's ability to form, store, retrieve, or produce mature speech. For example, presumably limitations in cognitive skills such as slow processing speeds (relative to adult's processing speeds) for message formulation may explain why children speak slower than adults do (Kowal et al., 1975) . Similarly, limitations in articulatory coordination and control in early childhood may restrict the number of vocal tract configurations available for sound production (Green et al., 2000) . Studies of early infant vocal development focused on identifying production constraints will essentially 2 The term constraint is used to convey a large number of concepts in the scientific literature. In our framework, production constraints refer broadly to developmental factors that limit the young child from producing mature speech, and are consistent with Newell (1986) and Thelen's (1991) concept of organismic constraints, in some cases, Smith and Thelen's (1993) concept of rate-limiting factors. The result of production constraints is behaviour rigidity.
yield a description of the initial conditions from which speech production emerges. This information is not only essential for explaining the features of immature articulatory control that shape early speech, but also how subsequent changes in articulatory performance depend on earlier stages of development. Thus, within our framework, important steps in furthering our understanding of speech development is to identify the various production constraints at each phase of speech motor development and the functional limitations they impose on the child's soundproducing capabilities.
Catalysts are the neural, cognitive, and environmental supports that predispose a child to progress through the various phases of speech development. Catalysts have a profound influence on early speech learning -without these facilitators a child's vocal repertoire would advance more slowly or not progress beyond primitive vocalizations. Current views on which catalysts moderate or mediate the development of speech are diverse and more studies are needed to understand their significance and critical periods. Although many catalysts have been considered important for normal speech development (e.g., exposure to exaggerated and simplified speech patterns, endogenously generated spontaneous orofacial motility, rapid learning of auditory-visual perceptual aspects of speech, interest in vocal imitation and play, strong attentional bias to moving faces), few causal relations have been firmly established.
One putative catalyst to speech motor development is the rapid increase in expressive linguistic demands during early word learning (Lindblom 1989; Studdert-Kennedy 1991) . Like perceptual learning, new word learning is very fast in young children, approximately ten new words per day (Bloom 2000) . Strong correlations have been reported between many aspects of early lexical development and phonologic development (see Stoel-Gammon 1998 for review). For example, a study by McCune and Vihman (2001) showed that precocious talkers acquired speech sounds at a greater rate than did typically developing children. Conversely, children with relatively small vocabularies exhibited an impoverished phonologic system relative to typically developing peers of the same age (Paul and Jennings 1992) . Collectively, these studies suggest the articulatory practice afforded to children with relatively large expressive vocabularies accelerates the rate of speech motor development. Explanations of early speech motor development will need to account for the varying language abilities exhibited across children.
The characterization of speech motor development in terms of production constraints and catalysts may have implications for several well-known phenomena in speech development including individual and group patterns of speech sound development, rapid progressions and regressions in speech performance, and transient periods of variability and dysfluency in speech abilities. To the extent production constraints represent biologically determined predispositions in behaviour, they may explain why some aspects of typical speech development follow a similar path across individuals. For example, early constraints in vocal tract coordination and control (Green et al., 2000 (Green et al., , 2002 may provide a biomechanic or neuromotor explanation for the limited diversity of sounds produced by young children (e.g., Stoel-Gammon 1985) , biases in sound co-occurrence patterns (MacNeilage and Davis 2000), and continuity in segmental development from babble to speech (Locke 1989 ). In contrast, individual variation in speech development is expected due to differences among children in the developmental progression and strength of catalysts. For example, children are expected to vary in the quality and quantity of environmental stimulation, and in the age at which spurts in lexical acquisition occur (e.g., Li et al., 2007) .
Nonmonotonic change in speech motor development
Several concepts considered in the motor development literature suggest that periods of significant linguistic, cognitive, or social change will be associated with rapid changes in speech behaviour, regressions in speech motor performances, or increases in speech errors. The significance of nonmonotonic change in motor behaviour has been emphasized prominently in Dynamic Systems Theory (DST). The developmental literature shows nonmonotonic changes in motor performance taking several forms including accelerations, decelerations, plateaus, and even regressions (see Fig. 10.3 ; Wimmers et al., 1998; Thelen and Smith 1994) . In other words, motor development rarely proceeds in a straight line but more typically in fits, spurts, intermixed with brief periods of no change.
Dynamic systems theory predicts that a child may revert to old stable forms of motor behaviour or adopt a coordinative strategy to achieve some stable level of performance during periods in development when the demands of the task exceed a child's motor capabilities (Thelen and Smith 1994) . Thus, a transient period of reduced motor performance may occur as children transition towards higher levels of motor functioning. For example, at the onset of walking, infants have been observed to revert to using two hands to reach for objects rather than one (Corbetta and Bojczyk 2002) . This regression appears to be a coordinative strategy used by children to maintain an effective grasp while they are grappling with new challenges posed by walking.
Plateaus in motor skill development have also been observed. For example, in a study by Hay (1978) , pointing accuracy to a visual target plateaued or decreased at around age seven years. In this experiment, the view of the hand was obstructed by a barrier and, therefore, children were not able to see their hand while it was moving towards the target, which was visible. Because children could not use visual information to guide their hand to the target, they were forced to rely on proprioceptive feedback or to plan the trajectory in advance of moving. The author speculated that performance decreased at age seven years because children shifted from using a ballistic guidance system (i.e., movement without online monitoring of proprioceptive feedback) to one that relied on continuous proprioceptive feedback.
There is some evidence for regressions in articulatory motor performance at two years of age, which is when children are rapidly acquiring new words. Specifically, Green and colleagues (2000) observed less-coordinated upper and lower lip movements during speech in two-year-olds than in one-year-olds, six-year-olds, and adults (Green et al., 2000) . Another example from the speech literature is the findings from Smith and Zelaznik (2004) on developmental changes in the variability of the lip and jaw movement patterns on repeated productions of a sentence. In this large cross-sectional study of typically developing children and young adults, variability in articulatory performance plateaued between the ages seven and twelve years but was statistically different between the ages of four and five years and between fourteen-year-olds and young adults. The authors speculated about anatomic and physiologic factors that may have engendered nonmonotonic changes in performance variability with age.
Anatomic growth may be an additional factor underlying temporary developmental regressions in articulatory skills. Children must develop articulatory performance stability as vocal tract structures undergo rapid changes in mass and geometry (Kent 1984; Vorperian et al., 1999) . Such changes must complicate the infant's attempts to acquire a target acoustic output. It might be anticipated that changes in the absolute or proportional size of the child's articulators would dramatically alter the coordinative organization of speech, or result in regressions in articulatory performance and speech sound development (Callan et al., 2000) .
Performance variability as an indicator of motor development
Performance variability has long been hypothesized to play an important role in the development of movement control (Thelen and Smith 1994) . Like the development of most motor skills, the variability of speech motor performance shows an overall decreasing trend with age that is overlaid with some transient periods of elevated variability (Green et al., 2002; Smith and Zelaznik 2004) . Fig. 10.3 Two hypothetical growth models of speech motor development. In both models, production constraints have a large influence on early speech motor performance with catalysts increasingly providing the skills and motivation for the acquisition of new speech motor skills, which is a process guided by task demands. Displayed in the top panel is a simple linear growth model showing articulatory performance to increase with age and variability of performance to decrease with age. Displayed in the bottom panel is a nonmonotonic growth model reflecting periods of accelerated growth in speech motor performance as well as regressions and plateaus. Catalysts engender accelerated phases of speech motor development. In the non-monotonic growth model, performance variability decreases with age overall, but also varies as a function of the rate of change in performance, with high rates of change in speech motor performance being associated with periods of increased variability. As stated previously, DST predicts that these transient episodes of elevated variability tend to occur at transitional stages in development when task demands greatly exceed a child's capability (Thelen and Smith 1994) . During these periods, presumably the child is searching for an optimal coordinative strategy from many possibilities (Sporns and Edelman 1993) , a process ensuring successful strategies are repeated more frequently than less successful ones (Sporns and Edelman 1993) . Several findings from our cross-sectional studies on early speech development support the existence of increased articulatory performance variability with the emergence of new speech skills. Between the ages of one and two years, children's shifted from an articulatory pattern that relied predominantly on the jaw to achieve oral closure for the /b/ to one that incorporated movements of the lips (Green et al., 2000) . A follow-up study showed that this transition was associated with a spike in the variability of upper and lower lip movement patterns (Green et al., 2002) . The view of variability as a 'causal prerequisite for learning' (Aldoph and Berger 2006, p. 177) continues to be debated. Figure 10 .3 shows two hypothetical developmental paths of articulatory performance. The shading in each figure represents the relative influence of production constraints and catalysts at any given time point in development. Thus, production constraints are shown to significantly limit articulatory performance in early speech development. As catalysts promote the emergence of new motivations and skills to communicate, the demands on the speech motor system are continually increasing. In the long term, catalysts have a facilitative effect on articulatory skill development; however, catalysts also may have a transient negative effect on performance particularly if their influence is rapid and their demands greatly exceed the child's speech motor abilities. The purpose of the two panels in Fig. 10 .3 is to demonstrate an increasingly complex picture of speech motor development and the variable influence of catalysts on that growth curve. The curve in the top panel represents the simplest scenario: a monotonically increasing growth model where production constraints dominate early motor performance and catalysts gradually increase their influence. In a monotonic growth model, age or time may be a primary independent or explanatory factor. In this simple model, performance variability is modelled as sinusoids overlaid on the growth curves, which represent expected normal variations in performance that regress towards mean performance. Variability is also shown to decrement gradually with age.
A hypothetical framework
The curve in the bottom panel is a complex nonmonotonic curve where articulatory performance responds in a variety of ways to catalysts including an acceleration, deceleration, regression, and plateau. Performance variability varies as a function of the rate of change of the growth trajectory where greater rates of change positive or negative are associated with periods of variable articulatory performance. In a nonmonotonic growth model, variables other than age or time are explanatory factors. Given this simple construct, an important step in furthering our understanding of speech development is to address the following questions: (a) What are the initial conditions (production constraints) from which speech motor control emerges?, (b) How do children get from the in itial state to the mature state?, and (c) What factors (catalysts) facilitate the acquisition of speech motor control at various stages of development?
Selective review of findings from our laboratory
Consistent with the framework proposed above, a primary objective of our research has been to identify the articulatory performance constraints (biomechanic and functional) that determine the sound production capabilities during the first four years of life. We have also studied articulatory aspects of infant-directed speech and spontaneous orofacial motility, which are two potentially important factors providing the infant the physiologic and cognitive substrates needed to develop speech.
Our research strategy for identifying production constraints has been to quantify the articulatory performance of young children at various stages of development, compare the children's performance to older children and adults, and speculate about the production constraints that may be limiting the child's speech. The adult performance is used to provide a quantifiable developmental endpoint for the movement sequence being studied. One necessary aspect of our work has been to identify developmental 'targets' of articulatory performance that can be used to quantify differences between the articulatory performance of children and adults. An ideal target needs to be within the typical repertoire of young children and to exhibit a relatively low degree of intraand inter-subject variability in mature talkers. Many of the production constraints we have identified in early articulatory performance have parallels in early limb function and, therefore, may represent characteristic features of immature motor control.
Reliance on jaw movement to produce speech
Several of our findings suggest that young children learning to articulate their first words rely more on the jaw than on the lips. In one of these studies (Green et al., 2000) , closure of the mouth for bilabial consonant production was shown to be accomplished primarily using the jaw with little active assistance of the upper and lower lip. This pattern is in contrast to that exhibited by older children and adults who consistently used both the lip and jaw to achieve bilabial closure. In a follow-up study (Green et al., 2002) , we tested the hypothesis that control over the jaw would develop earlier than control over the lips. An index of similarity between the jaw, upper lip, lower lip movements of children aged one, two, and six years and those produced by a group of healthy adults. The findings from this study provided strong support for the advanced performance of the jaw in early speech; the jaw movement patterns of one-year-olds were highly similar to those of the adult participants, whereas their lip movements bore little resemblance to the adults. This finding suggests (1) early control over the mandible for speech is essential for producing later appearing sounds, which typically involve the lips and tongue and (2) an essential step in learning to talk requires the coordination of lower lip and tongue with those of the underlying jaw. On the basis of extensive observation of co-occurrence patterns of consonant and vowels in infant speech, MacNeilage and Davis (2000) have argued that young children's dependency on the jaw to produce early speech significantly restricts the variety of sound combinations they can produce.
Limited fine force control over the mandible
Although the jaw appears to have a control advantage in early speech development, fine force control over jaw may be limited in young children. In the Green et al., (2000) study the lower lip tended to collide with the upper lip during oral closure. Consequently, the lower lip tended to move downward as it was pushed against the upper lip by the elevating jaw. Collisions of this magnitude between the upper and lower lip during oral closure were typically not observed in the adult participants. Excessive force generation appears to be a characteristic of immature motor control. For example, overshoot of arm and hand is observed in early grasping (Jeannerod 1988) as is excessive force during the development of a precision grip (Potter et al., 2006) . Therefore, as in the development of grasping, the regulation of muscle forces for chewing and speech requires the fine-tuning of force control through practice. For chewing, this process involves a gradual increase in the synchrony between agonist muscles of the mandible for jaw closing and a decrease in the temporal overlap between mandibular antagonists (Green et al., 1997) . Less is known about how the mandibular antagonists and agonists are tuned for learning speech (Moore and Ruark 1996) ; though studies on adults show a predominant pattern of coactivation of antagonistic muscle pairs (Moore 1993) . The limited fine force control over the jaw for speech motor control may partially account for why children have a tendency to master the production of stops prior to fricatives or affricates (Stoel-Gammon and Dunn 1985) , which require relatively more fine force control over the mandible than stops.
Dyscoordination between lips and jaw
The developmental course of coordination among the different structures of the vocal tract is protracted and varies among articulators. To produce bilabials, mature talkers simultaneously move the upper lip, lower lip, and jaw to achieve oral closure. This seamless pattern of coordination among orofacial articulators is in stark contrast to the patterns exhibited by infants, whose lip and jaw movements are asynchronous and spatially dissimilar (Green et al., 2000) . Because of this constraint, infants should be more proficient at producing sounds and sound combinations that do not require precise timing between articulatory gestures. Studies on infant speech support this assertion at both the sound and syllable level. For example, young children may master voiced consonants earlier than voiceless (Kewley-Port and Preston 1974) because of their limited ability to delay the laryngeal gesture with respect to oral release (Grigos et al., 2005) . Similarly, young children may have a tendency to produce adjacent consonants and vowels with similar primary places of vocal tract constriction (i.e., labial-central, coronal consonant-front vowel, dorsal consonant-back vowel) because of their limited ability to coordinate between gesture of consonants and adjacent vowels (MacNeilage and Davis 2000) . Adult-like synchrony among the upper lip, lower lip, and jaw movements for simple bilabial utterances appears to be obtained by six years of age (Green et al., 2000) . In contrast, development of coordination may be more protracted between the tongue and jaw than the lip and jaw (Cheng et al., 2007) .
Obligatory coupling among upper and lower lip
Although spatial and temporal coupling between lips and jaw is poor, upper and lower lip coupling is remarkably strong in young children, particularly at age two (Green et al., 2000) . This finding suggests that young children have a limited ability to independently control the upper and lower lips. This pattern of coordination is well suited for producing bilabials, but poorly suited for producing sounds such as labiodentals where the upper lip tends to move little and the lower lip elevates to constrict the vocal tract at the maxillary central incisors. Increases in the ability to independently control functionally linked structures have similarly been observed in the early development of other skilled motor behaviours such as walking and reaching. For example, Thelen and Cooke (1987) observed the movements of the hip, knee, and ankle to be highly synchronous during infant stepping responses. These authors postulated that the development of mature walking requires the differentiation of these functionally coupled joints. Independent control over the arms also emerges as children begin to use the hands for distinct purposes. For example, at this stage of development, children begin to hold an object in one hand, while exploring the object with the other (Fagard and Jaquet 1989; Goldfield and Michel 1986) . In a similar way, the acquisition of new words containing new sounds provides the young child the impetus to acquire the ability to move the upper and lower lips independently.
Limited cognitive and linguistic processing
Speaking rate is known to increase with age (Kowal et al., 1975; Walker et al., 1993) . One factor that slows children's speaking rate is their tendency to pause frequently. This finding has been interpreted to suggest young children require more time to formulate speech than do older children or adults (Kowal et al., 1975) . Slow movement speed in children due to physiologic factors may also contribute to slowed speech. For example, slow neural conduction times in children have been linked to slowed movement of the upper limbs (Müller et al., 1991) and long perioral reflex latencies (Barlow et al., 1993) . However, in a recent study, the movement speed of four-year-old children was not significantly slower than were adults' (Nip and Green 2006) . In contrast, pausing time and movement displacement decreased significantly with age. Therefore, the observed changes in speaking rate in children appeared to be primarily due to gains in cognitive and linguistic processing (i.e., decreased pause time) and in movement efficiency rather than physiologic-driven increases in articulatory movement speed.
Variable articulatory performance
One of the most frequently reported findings in speech motor development research is that children's articulatory performance is more variable than adults' (Goffman and Smith 1999; Green et al., 2002; Grigos et al., 2005; Sharkey and Folkins 1985; Smith and Goffman 1998; Smith and McLean-Muse 1986) . During early speech development (i.e., between one and six-years of age), developmental changes in articulatory performance variability are nonmonotonic and vary among the articulators, with the lips exhibiting elevated levels of variability in comparison to the jaw (Green et al., 2002) . Interestingly, elevated variability in articulatory performance persists until after 16 years of age (Smith and Zelaznik 2004) , which is much longer than was thought previously. For example, classic studies of speech development have long considered speech production to be mastered by eight years of age (Sanders 1972) . Variability in the articulatory movement of older children who have already mastered the sounds of their language may be an indication of underlying change. A number of factors could have a destabilizing effect on motor performance including (1) motor immaturity or inexperience, (2) continued remodelling of vocal tract structures, (3) slow rate of speech, and (4) high cognitive-linguistic processing demands. Articulatory movements produced at slower rates are inherently more variable than those produce at typical rates (Adams et al., 1993) . Therefore, in comparison to adults, children may exhibit elevated levels of performance variability simply because their movements tend to be relatively slower (Nip and Green 2006; Smith and Goffman 1998) . In addition, high cognitive processing demands during early language learning may also engender elevated levels of performance variability in children. Prior research has shown utterances with 'high' cognitive-linguistic demands tend to be produced with greater token-to-token variability of lower lip movements than utterances with 'low' cognitive-demands (see Smith and Goffman 2004 for review).
Early neuromotor organization through early spontaneous orofacial motility
The investigation of spontaneous oral movements is motivated by a growing body of evidence suggesting that undirected motor activity in prenatal and postnatal development may be critical for normal anatomic and neuromotor development (Hall and Herring 1990; Thelen 1985) . Spontaneous movements are ubiquitous in the developing motor system and thought to be endogenously generated (i.e., an expression of excitatory neuromotor transmitter). A number of investigators have suggested spontaneous motility provides a foundation for later appearing goal-directed behaviours (Bekoff et al., 1986; Thelen and Fisher 1983) . From this perspective, endogenously generated spontaneous movements are considered to be the precursors of exploratory movements, which may establish (1) a restricted set of primitives to be later adapted and combined for purposeful movement and (2) learned mappings between articulatory movements and speech sounds required to produce speech.
Spontaneous oral motility has rarely been studied in humans with the exception of the hallmark studies conducted in the 1970s by Humphrey (Humphrey 1971) . We recently applied our noninvasive techniques for recording facial movements in infants to identify potential developmental changes in silent, spontaneous oral movement (Green and Wilson 2006) . Infants exhibited a remarkable quantity and variety of spontaneous lip and jaw movements. Some age-related changes were observed in spontaneous lip and jaw movement including an increase in the speed of movement, a decrease in the duration of movement epochs, and an increase in the coupling among the movements of different facial regions. These findings suggest early spontaneous facial movements undergo developmental change during the first year of life and provide further impetus for determining the functional role in early oromotor development. From a clinical perspective, several investigators have proposed that the quantity and quality of these movements may serve as useful clinical markers of developmental neuromotor integrity (Roberts et al., 1980) . This suggestion raises the possibility that spontaneous oral movements may, in the future, be evaluated for determining the developmental status of nonverbal children and young children before they acquire speech.
Environmental stimulation: visual aspects of infant-directed speech
Infant directed speech (IDS), the affective speaking style used by parents to speak to their infants, has been posited to have a number of positive influences on early development including the facilitation of child-parent bonding, attention and affect control, and speech and language development (Bernstein Ratner 1986; Fernald et al., 1989; Kuhl et al., 1997) . Although young children rely on both auditory and visual models to learn speech, the characteristics of the visual component of IDS, such as facial and lip movements, have not been identified. In a recent investigation, studied the articulatory modification produced by 24 mothers when speaking to their infants. Lip movements were recorded from the mothers as they interacted with their infants and with an unfamiliar adult. On average, mouth movements were slower and larger during IDS than during adult-directed speech. Parents who exhibited acoustic exaggerations of fundamental frequency also tended to exhibit exaggerated lip movements. These exaggerations in mouth opening during IDS may explain, in part, why children's first utterances are predominantly comprised of consonants in which the primary place of oral constriction is highly visible and why mastery of these same sounds is obtained much earlier than others (Locke 1983) .
Conclusion
A comprehensive understanding of speech development will need to account for the factors that shape the course of speech motor development. To this end, direct measures of articulatory performance will be essential. A hypothetical framework is proposed that considers the varying effects of multiple factors on articulatory performance development and thus, speech development. Central to this idea is the expectation for early constraints on articulatory performance and a nonmonotonic growth of articulatory performance. Abrupt changes in articulatory performance with age are considered to reflect fits and spurts in the development of underlying anatomy, sensorimotor control, and linguistic and cognitive skills. The framework motivates further inquiry into (1) defining the features of immature articulatory control, (2) obtaining growth trajectories of articulatory performance variables, and (3) determining longitudinal relations between the development of articulatory performance and other variables (anatomic, physiologic, cognitive, or psychosocial). Findings from our studies on early articulatory development have revealed some characteristic features of early oromotor performance and age-related stages in the development of articulatory control. The results of these studies give the impression that the various components of the vocal tract have a unique developmental course and the immature articulatory system is influenced by multiple production constraints that limit the variety of vocal tract configurations available to the infant. Because our findings are based on cross-sectional studies with only ten or fewer children per age group, the results should be considered tentative until additional large sample and longitudinal studies are conducted. These descriptions will require frequent sampling of articulatory performance to capture potentially rapid change. Of course, this goal will be achieved only through years of research conducted by multiple investigators.
